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Fatigue-enhanced creep and static-creep tests were
conducted within the temperature range 127°K to 1 58°K to 
obtain activation energy and creep rate data.
The average activation energy was found to be 5,300 
+ 1 ,0 0 0 cal/mole and 5,400 + 1 ,0 0 0 cal/mole for fatigue- 
enhanced creep and static creep, respectively. As can be 
seen, there is no significant difference in the activation 
energy. However, similar or slightly higher creep rates 
were observed in fatigue-enhanced creep than static-creep 
test at the peah-fatigue stress. This suggests pipe 
diffusion of point defects along the dislocation core as 
being the rate-controlling process.
Much higher creep rates were observed in a fatigue- 
enhanced creep test conducted at 8 , 0 0 0 to 1 2 ,0 0 0 psi stress 
level than static creep test conducted at 1 0 ,0 0 0 psi (the 
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Considerable interest at present exists for a better 
understanding of a rate-controlling mechanism in a static- 
creep test superimposed by fatigue stress. Much research 
has been done to gain a better understanding of individual 
mechanisms of pure creep and pure fatigue, but relatively 
little has been done to clarify the interaction of creep 
and fatigue mechanism during pull-pull stress cycling.
Work has been done on creep and fatigue interaction for the 
purpose of obtaining design data for a particular alloy 
system, and since pure creep and pure fatigue are rarely 
encountered in practice, it is important to study and 
attain a more basic understanding of their combined role.
The literature shows that higher creep rates have 
been observed in test specimens subjected to a pull-pull 
fatigue stress than test specimens subjected to static 
application of the peak-fatigue stress. Enhanced creep 
rates have been found for creep-fatigue of a l u m i n u m ^ , 
copper(3), and l e a d ^ ’^), Price reported a lower
creep rate due to application of cyclic stress on zinc(^),
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but Kamel and Bessa observed an initial decrease with 
subsequent increase in creep rates for zinc(7). Since 
metallurgical parameters like alloying agents etc. play an 
important role, results cannot be generalized for alloys.
Tests were conducted at -146°C and above (127°K to 
158°K) to measure creep rates and activation energies for 
static creep and cyclic creep or fatigue-enhanced creep. 
Recent theories explain creep mechanism as being controlled 
by the interaction of dislocation and point defects. Large 
numbers of point defects are created by fatigue stressing. 
At low temperatures these excess point defects would be 
slow in moving to sinks, and there could be a change in 
creep process due to these excess point defects. Max 
Glenn*s work supports the above-mentioned creep theory of 
dislocations and point-defects interactions. The purpose 
of this work has been to gain a better understanding of the 
rate-controlling mechanism at cryogenic temperatures 
through determination of activation energies for static 
creep and fatigue-enhanced creep.
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LITERATURE REVIEW
Creep is defined as time-dependent strain of metal 
when subjected to a constant stress or constant load below 
the ultimate tensile strength. Fatigue-enhanced creep is 
the creep process modified by the superimposed cyclic 
stress.
A typical creep curve is shown in Figure 1. It 
contains primarily four stages: initial strain, primary 
creep, secondary creep, and tertiary creep. The creep 
rate decreases as a function of time in primary creep due 
to strain hardening. The second stage of creep is known as 
secondary creep or steady-state creep. In this portion 
the creep rate is constant and is believed to be a balance 
between strain hardening and recovery. In the last stage, 
known as tertiary creep, the creep rate increases 
continuously until the metal fails. Under truly constant- 
stress conditions only primary creep with continuously 
decreasing creep rates has been o b s e r v e d ^ , 9) #
Creep rates are highly sensitive to temperature. The 











Figure 1. A Typical Creep Curve
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and this study might provide some clue for the rate- 
controlling mechanism. The dependence of creep rate on 
temperature may be described by the following equation:
-Q/RT 
<£ = A e
where MA M is a proportionality constant and is a function 
of stress and structure. Structure is also a function of 
temperature. But in a constant-stress creep test, if the 
temperature is changed abruptly, we can assume that 
structure remains essentially the same immediately before 




An abundance of evidence suggests that the rate- 
controlling mechanism of creep above 0.5 is a 
diffusion-controlled process and that the activation 
energy is equal to the activation energy for self-diffusion. 
At lower temperatures the activation energy is observed to 
have a lower value, and the rate-controlling mechanism is 
less certain. The following three theories attempt to 
explain the possible temperature dependence of a diffusion- 
controlled mechanism at higher temperatures(11):
1 ) Nabarro-Herring Creep Model
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2) Dislocation Climb Theory of J. Weertman
3) Jog-Dragging Theory
Nabarro-Herring Creep Model: According to the
Nabarro-Herring creep model, appreciable creep rates can 
be produced directly in a very-fine-grained material by a 
diffusional mass transport of atoms from one grain 
boundary to another. The Nabarro-Herring creep model is 
shown schematically in Figure 2. The tensile stresses act 
on the horizontal side and compressive stresses on the 
vertical side. Because of the nature of the applied 
stresses, there exists in a grain or subgrain, a vacancy 
concentration gradient between the horizontal and vertical 
side and the reverse is true for the vacancies. Since the 
rate limiting factor is the vacancy diffusion, the 
activation energy for the Nabarro-Herring creep will be 
that of self-diffusion(^).
The Nabarro-Herring creep model assumes that the all 
grain-boundary lattice sites are excellent vacancy sources 
and sinks. In a material with extremely fine grains the 
predicted creep rate would be:
£r»h = L 5 -
K 1 L2
Q£ — £ —
L2
where &  - applied stress and L = Grain dimension.
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For most large grain and pure materials the creep
. n ,rates have been observed to be proportional to (j where 
,fn n has a range from 4 to 6. This is in contradiction 
with the above equation which shows the linear relation 
with stress. On the basic assumption that the subgrain 
boundaries are excellent vacancy sources and sinks, the 
above creep-rate equation predicts the creep rate for very 
small stresses. At higher stresses the subgrain diameter 
is proportional to CT ~ \  and therefore the creep rate 
equation becomes
£rnh — —  d  <5 ~ o( ^
L2 1 /<y 2
For pure metals this equation does not predict 
accurately the observed CT^ ^ stress dependences^).
The Nabarro-Herring creep model has been confined to 
special cases of creep of a very-fine-grained material with 
very small stresses and at temperatures near that of the 
melting point(^). Moreover the creep strains produced by 
glide motion of dislocations across their slip planes have 
not been considered. Hence, the other two creep theories 
seems more acceptable.
Dislocation-Climb Theory: According to this theory,
the creep strain is produced by dislocation glide, but 
creep rate is controlled by dislocation climb.
Plastic strain is caused by dislocation glide. 
Dislocations also multiply when a metal is subjected to
T 1401 R
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Figure 3. Dislocation-Climb Theory
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stresses. The moving dislocations are stopped by obstacles 
such as grain boundaries, ‘ dislocation! tangles , etc. 
Dislocations start piling up and a back stress is created. 
When this back stress is sufficiently high, it deactivates 
the dislocation source (e.g. Frank-Reed source). The 
obstructed dislocation can become mobile and start gliding 
on an adjacent slip plane by a process called dislocation 
climb.
Dislocation climb is a diffusion-controlled process 
and is caused by vacancy migration to the dislocation and 
the partial annihilation or extension of the extra half 
plane (Figure 3). Since the annihilation or extension 
is energetically favorable, it takes place on the existing 
jogs formed due to thermal vibrations and dislocation 
intersections. The vacancy will either migrate directly to 
the jog, or will migrate to dislocation and then move along 
the dislocation core by pipe diffusion until it finds a jog 
that will absorb it.
This process of annihilation of an extra half plane by 
vacancy absorption at the jog is shown schematically in 
Figure 4. Thus, by climb the dislocation can overcome the 
obstacle and can glide on the adjacent slip plane as shown in 
Figure 5. The same process is continued when the dislocation 
is obstructed again. The creep rate may be considered to be 
the resultant balance between the mechanisms of strain 
hardening and recovery. When the rate of strain hardening
T 1401 10
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equals the rate of recovery, steady state creep is 
observed (8).
Since dislocation d i m  is a vacancy-diffusion 
controlled process, the activation energy for creep will be 
that for self-diffusion. Weertman has calculated the creep- 
rate stress dependence for dislocation climb to be
I rf)
£climb CT where n = 4.5 
This relationship is in good agreement with experimental 
measurements. This relationship, however, does not hold 
true at very high stresses because of the stress- 
concentration factor, probably due to dislocation tangles^1) 
jQg-Sragging Theory: The glide of screw dislocation,
like the climb of edge dislocations, is controlled by the 
diffusion of vacancies. Vacancies also control the motion 
of a screw dislocations that contains a net number of jogs 
of one sign(^).
Jogs can be produced in dislocation by thermal 
vibrations, by dislocation intersection, and by dislocation 
climb of a loop. The jog in a screw dislocation will have 
an edge component. This edge component can move by slip 
along the dislocation, but it can move in the glide 
direction of the screw dislocation only by climb. This is 
called nonconservative motion of jogs. Interstitials and 
vacancies are produced by this nonconservative motion of 
jogs. Since the energy required to form a vacancy is much
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smaller than that to form an interstitial atom, it is 
generally conceded that many more vacancies than 
interstitials are created by the movement of screw 
dislocations with jogs(8). created vacancies tend to
pin the jog, and the creep activation energy will be the 
activation energy for self-diffusion(8)#
Thus, a similar creep-rate equation is predicted by 
both the dislocation climb and the jog-dragging theory.
One advantage of a jog-dragging creep model is that there 
is built in to it a stress-concentration factor, and also, 
it predicts more correctly the stress dependence at higher 
stresses^ ̂  ).
It is seen that both the dislocation-climb creep 
model and the jog-dragging creep model are diffusion- 
controlled processes and agree well with experimental 
results. Since one cannot occur without the other, they 
should be considered together for any creep model of high- 
temperature creep.
Low-Temperature-Creep Theory
Prom the preceding paragraphs it is evident that the 
creep at temperature above 0.5 Tm is a diffusion-controlled 
process. The activation energy has been found to decrease 
with the temperature. For a single aluminum crystal, it is
28,000 cal/mole between 600°K to 750°K and 3,400 cal/mole
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between 0°K to 400°K^^. The above temperatures have been 
referred to as an intermediate temperature and a low 
temperature. The possible mechanisms suggested for the 
above-mentioned low-activation energy are thermally 
activated cross slip for the intermediate temperature range 
and Peierl's stress or dislocation intersection for the 
low-temperature range. However, it will be shown later 
that it is unlikely that either the Peierl's stress or 
dislocation intersection is the rate-controlling process. 
Recent analysis has supported a modified diffusion as 
being the rate-controlling process. At temperatures of 
about 0.25Tm , the activation energy for creep has been 
observed to decrease for aluminum, copper, and tungsten. The 
decrease in the activation energy could be due to vacancy 
diffusion along the dislocation core(12,1^).
Creep-Patigue Interaction
Vacancies play the major role in the diffusion 
process. A number of models have been suggested to explain 
how point defects are produced in a metal^^. Strain 
produces point defects (vacancies and interstitials), but 
because the energy required to produce a vacancy is much 
less that energy required to produce an interstitial, we 
will have a net number of vacancies created. Since the 
movement of a vacancy-producing Jog is much greater during 
fatigue, we will have a much larger vacancy production in
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fatigue-enhanced creep. Kennedy, Feltner, and Meleka have 
proposed theories explaining the enhanced creep rates due to 
fatigue.
Feltner Theory: Feltner worked on pure aluminum at
liquid-nitrogen temperature and found a large amount of 
plastic strain during load cycling from 0 to 12,000 psi. 
Since there was not appreciable change in the dislocation 
density, he suggested that this large amount of strain may 
be due to the continued motion of the dislocations produced 
on the initial loading and not by the multiplication of a 
large number of new dislocations.
Increase in flow stress has been observed with an 
increasing number of cycles, and this has been interpreted 
as being due to the dislocations and point defect 
interaction. Initial hardening and subsequent resoftening 
is a typical consequence of point-defect strain ageing.
For example, in copper, the yield stress rises initially and 
decreases after prolonged ageing. The hardening has been 
explained to be due to pinning of dislocations by an 
excess of point defects. The subsequent resoftening as 
being the result of pipe diffusion and eventual destruction 
of point defects at jogs which will leave the dislocation 
unpinned(1).
Kennedy Theory: Kennedy observed an increase in
recovery rate by superimposing fatigue stress in a static- 
creep experiment on lead. He interrupted the static-creep
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test and subjected the samples to various cyclic stresses 
for different lengths of time. The static test was then 
continued and primary creep was measured. Effective 
fraction recovered, f,n M, was found to be increased (ffn lf is 
the ratio of J3 values of the equation £  = yB t1/3 
before and after the cyclic stressing) for low cyclic 
stressing. Kennedy proposed that this may be due to the 
increased vacancy concentration enhancing diffusion to 
promote dislocation climb and polygonization--a recovery 
mechanism. However, at very high stresses and long 
recovery times, nn n was found to be decreased and hardening 
began to occur. This may be due to the dislocation pinning 
by clustering of excess . vacancies^’̂ .
Meleka Theory: A. Meleka tested copper initially in
static creep, then with cyclic creep and finally in static 
creep. He found an enhanced creep rate during cyclic creep, 
but the creep rate in final static creep was found to be 
less than the creep rate during initial static creep; 
again a softening and hardening mechanism. Meleka proposed 
that this softening occurs because of an increased mobility 
of dislocations due to cyclic stressing. Oscillating 
dislocations free themselves from a pile-up or an obstacle 
and continue gliding again. This hardening is due to vacancy 
condensation on the dislocation lines(3» 14) #
T 1401
EQUIPMENT AND EXPERIMENTAL PROCEDURE
The creep-fatigue machine designed by Max Glenn^) 
was used for obtaining creep-fatigue data. The sample 
design, a bottom grip for the specimen and a temperature 
control device were specially designed for this work. The 
strain measurement technique was modified by using two 
LVDT1s-linear variable differential transformers-connected 
in series, and a back-voltage device that permitted 
measurement of strain on a highly sensitive recorder 
scale (0 to 500 mv). The whole creep curves and creep 
rate at different temperatures were obtained.
The general layout of the equipment is shown in 
Figures 6 and 7.
Bottom-Grlp Design
A special bottom grip was designed and built to 
work at cryogenic temperatures. The design details are 
shown in Figures 8 and 9. One half inch diameter stainless 
steel bars were used to connect the grip fixture to the top 
plate. The bars were reduced to 3/8-inch diam at the top 
end to minimize the heat conduction. Teflon washers and
16
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styrofoam were used to minimize the conduction to the top 
plate and loss of heat to the atmosphere. A slot was made 
in the top plate to insert the LVDT’s. The whole system was 
mounted on a turnbuckle. Since a correct size turnbuckle 
body was not available, one was made by welding two steel 
plates to right-hand and left-hand nuts on each side. The 
grip fixture was made from stainless steel.
The design of the samples used in this investigation 
is shown in Figure 10.
Temperature - Its Measurement and Control
Isopentane Boiling point 28°C, Melting point
-160°C, Specific Heat 0.512 cal/g.°C)(1^ ) is a very 
convenient organic compound for a low-temperature bath 
when work has to be done at about -150°C. The isopentane 
was brought down to the working temperature by use of 
liquid-nitrogen.
The activation energy was measured with the following 
equation;
Q = -2.303 R logio (£2/ £ i )
(1/T2 - 1/T,)
It can be seen that the activation energy is a highly 
sensitive function of temperature. The temperature must 
be controlled within a reasonable limit ( + 0.25°C); this 



























The heat exchanger was built from 3/8-in.-O.D. 
flexible copper tubing. It was connected to a liquid- 
nitrogen bottle, and the amount of liquid-nitrogen flowing 
through the heat exchanger was controlled by a Whitney #2 
series valve with a micro-regulating stem as shown 
schematically in Figure 11.
An aluminum container, fixed in a styrofoam bucket, 
was used for the bath, and the bath was continuously stirred 
by a pneumatic stirrer.
The temperatures were measured by a copper- 
constantan thermocouple tied to the gauge section of the 
specimen and a Leeds & Northrup #8686 potentiometer. The 
thermocouple was calibrated at dry-ice and boiling liquid- 
nitrogen temperatures. Calibration at the dry-ice tempera­
ture was done through the method described by Scott0 5 ) o 
The sublimation temperature of dry ice and boiling 
temperature of liquid nitrogen are both functions of 
atmospheric pressure. The sublimation temperature of dry 
ice for a particular pressure was calculated from the 
following vapor-pressure equation05)
1349
log10 P = 9.81137 - t+273.16 
where !,tM is in °C and Hp,f in mm of Hg. The values are as 
shown in Table 1 and Figure 12. Data for the boiling point 
of liquid nitrogen as a function of atmospheric pressure is 
given in Table 2 and Figure 13. A straight-line variation
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Table 1.
Sublimation temperature of dry-ice as a function of 
atmospheric pressure.
Pressure in mm. of Hg. Sublimation Temperature
760.00 mm. 194.694 °K
717.767 mm. 194.000 °K
660.54 mm. 193.000 °K
607.372 mm. 192.000 °K
558.006 mm. 191.000 °K














189 190 191 192 193 194
Temperature °K
Figure 12. Sublimation Temperature of Dry ice vs. 
Atmospheric Pressure
T 1401 28
can be assumed for temperatures in between these two 
calibration points. The calibration curve of (observed 
E.M.F. minus Std. E.M.F.) vs. (Observed E.M.F.) was plotted 
and shown in Figure 14.
Strain Measurements
Two LVDT's— instead of one— were used to average out 
a non-concentric strain in the strain measurement. The 
LVDT windings and LVDT core were attached to opposite ends 
of the sample gauge length by means of a specially designed 
grip (Figure 15). In order to avoid any error in the 
strain measurement due to the possible plastic strain in 
the specimen away from the gauge section both the LVDT 
grips should be immersed in the liquid bath. LVDT's cannot 
be immersed in the bath, and since the temperature near the 
bath level is quite low, the LVDT's were attached to 
stainless steel cylindrical spacers of about 1/ 16-in.-wall 
thickness. Random 1/4-in.-diam holes were drilled in the 
spacers to minimize the conduction to the LVDT's. The LVDT's 
and the spacers were insulated at the junction by Teflon- 
tape ihsulators. Thus the LVDT's were kept above the top 
plate and at all times they were in the safe temperature zone.
The LVDT's were connected in series (Figure 16 ) and 
were hooked to a Schevitz Engineering CAS (Carrier 
Amplifier Demodulator System) unit which conditioned the 
input signal to the LVDTs and amplified the output signal 
for measurement on a strip chart recorder. The "GAIN" of
T 1401 29
Table 2.
Bolling point of Liquid N1trogen as a Function of 
Atmospheric Pressure:
Pressure in mm of Hg. Boiling Temperature in °K
in•T“*“Oin mm 74 °K
570 mm 75 °K
645 mm 76 °K
728 mm 77 °K
760 mm 77.364°K
772 mm wo00c*-
916 mm 79 °K
1021.5 mm oo00
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Stainless Steel Cylindrical Spacer
LVDT Top GripadsMatching Thre
LVDT Bottom GripLock Huts
Figure 15. LVDT Grips (Only left symmetrical portion
shown)
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the CAS was adjusted to give 1 volt output for every 0.1-in. 
displacement of the LVDT core. Thus, the LVDT output 
voltage could be converted to strain.
Because strain rate is a most sensitive function of 
temperature, an accurate value of strain rate is absolutely 
necessary just before and after the temperature change in 
a creep test for the measurement of activation energy.
All data were taken on a 0 to 500 mv scale of the recorder. 
Since large amount of plastic strain is involved in these 
tests, it was not possible to get all data on a 0 to 500 mv 
scale of the recorder. After every 5$ engineering strain, 
when the recorder pointer is at the full scale, an equal 
amount of back voltage was applied to the recorder to bring 
the pointer back to ”0 .” This made it possible to obtain 
all the data on a highly sensitive scale. The back-voltage 
circuit consists of a constant power supply and two 
resistances Rj and R2 as shown in Figure 17. The calculations 
for back-voltage are shown in the Appendix-1.
EXPERIMENTAL PROCEDURE
Samples were machined from -J-in.-diam, 99.999$ pure 
aluminum bar stock to 0 .3-in.-ga>uge diameter and 0 .8 7-in.- 
gang® length as shown in Figure 10-A. The samples were then 
annealed for one hour at 600° C in an argon atmosphere. The 
average grain size was found to be 0.34 mm. The samples 










































Figure 17. Back-Voltage Circuit Diagram
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machine. This resulted in 0 .28-in.-gauge length (Figure 
10—C)• The samples were then machined down to 0.25-in.- 
gauge diameter to remove any necking that might have been 
initiated during prestraining, and 13-tpi standard coarse 
threads were made at one end (Figure 10-0). Since great 
care was taken in handling and remachining these samples, 
and since lubricating oil was used during machining, it is 
assumed that there were no significant machining stresses 
that might change the creep properties of the sample. The 
purpose of prestraining was to avoid excessive initial strain 
during primary creep (Figure 1).
The following tests were conducted:
1) Static-Creep test at -146°C and 10,000 psi peak.
2) Fatigue-Enhanced Creep test at -146°C and 6,000 
to 1 0 ,0 0 0 psi,
3) Fatigue-Enhanced Creep test at -146°C and 8,000 
to 1 2 ,0 0 0 psi.
4) Static-creep activation-energy test at 10,000 psi.
5) Fatigue-Enhanced Creep, activation-energy test at 
4,000 to 1 0 ,0 0 0 psi.
The specimen was fixed in the grip fixture. The LVDT 
grips were fixed on the opposite side of the gauge length.
The whole bottom-grip unit was brought up by the turnbuckle 
and the upper side of the specimen was positioned in the 
upper grip. The LVDT’s (fixed in the spacers), along 
with the core, were inserted from the slot in the top plate. 
The cores were screwed in to the LVDT bottom grip and LVDT
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cylindrical spacers were screwed in to the top grip. The 
copper-constantan thermocouple was tied to the gauge section. 
These details are shown in Figure 18.
During preliminary testings, the initial strain 
immediately upon loading was found to be about Q%, Since 
this initial strain is not useful for measuring activation 
energies etc., and to make the back-voltage operation easier, 
the LVDTts were adjusted to show -Q% strain on the recorder.
The isopentane was brought down to about -110°C with 
liquid nitrogen poured directly into it. The bath was 
continuously stirred with a pneumatic stirrer throughout the 
experiment. A polyethlene stirring rod was used to minimize 
heat conduction. The bath was then slipped over the sample 
assembly and was supported by styrofoam stand as shown in 
Figure 6 . The nitrogen-flow controlling valve was kept 
about two turns open, and a constant equilibrium tempera­
ture of - H 6°C was reached in about three hours. Sometimes 
the valve opening needed to be changed to bring the 
temperature to equilibria at -146°C due to possible pressure 
changes in the liquid-nitrogen tank.
The top grip of the specimen was then tightened and 
the specimen was loaded up by turning the turnbuckle until 
the spring length reached the predetermined value. The 
static weights were then put on the hanger and the machine 
was started. A sample calculation for the stress level is
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Figure 18. Bottom Grip Details
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shown in Appendix-2. The peak stress level was maintained 
within + 1 .5 .̂
The measurement of activation energy requires an 
instant temperature change. The temperatures were changed 
in steps of 5°C every time. The temperature of the hath was 
changed in 20 sec + 5 sec by pouring isopentane into the 
bath, but the sample took about 2 min to come to the new 
temperature. Immediately upon the first temperature change, 
an immersion heater was put in to the bath and set at a 
predetermined power level. This allowed thermal equilibrium 
temperature to be established at a new temperature. The 
temperatures were maintained with + 0 .2°0 .
The recorder was put on a 0 to 5 volt scale in the 
beginning of the test. Upon loading, the specimen started 
creeping and as soon as 8% creep was observed, the 
recorder was rezeroed at M0 ,f on the recorder scale, and the 
scale was changed to a scale of 0 to 500 mv. After every 
5% additional creep, the recorder pointer would be at full 
scale, and at this time 500 mv was applied in the opposite 
direction to bring the pointer back to n0 .M
Data were taken from the recorder chart and the 
creep rates were calculated bygraphcal differentiation:
d£ d (dl/1 ) - Li
£/ = dt = dt = ( - ti ) Li
Activation-energy calculations require the same 
substructure at two temperatures. Since the temperature
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was changed quite rapidly, it is assumed that the 
substructure before and after the temperature change 
is essentially the same. The activation energy may be 
calculated from the following derivation:
£ °< exp ( -Q/RT)
£  = A exp ( -Q/RT)
loSlo£ = 1°S10A ~ Q/2.303 R T
d ( log-| Q £) - -q/2. 303 R T
d (1/T)
Q = -2 .3 0 5 R log 0̂ (V  £ t)
(1/T2 - 1/Tt).




Creep Curves and Creep-Rate Results
The creep curves were obtained for the following 
tests at -146°C as shown in Figures 21-A and 21-B.
1) Static-creep curve at 10,000 psi.
2) Fatigue-enhanced creep curve at 6,000 to 10,000 
psi.
3) Fatigue-enhanced creep curve at 8,000 to 12,000 
psi.
Creep rates were also calculated from the above data 
by graphical differentiation. The creep rate vs. time and 
the creep rate vs. total creep strain curves are plotted 
and shown in Figures 22-A and 22-B. It Is seen that the 
creep rates are decreasing as a function of time. This 
suggests that the material hardens during the test.
Similar or slightly higher creep rates were found in a 
fatigue-enhanced creep test at 6,000 to 10,000 psi. The 
two curves seem to approach asymptotically and the influence 
of superimposed cyclic loading on the creep rate seems to be 





For this series of tests creep rates were measured at 
each of a series of temperature. The creep rates are 
plotted as a function of time and are shown in Figures 19 
and 20.
The activation energies are calculated from the 
previously derived equation:
-2 . 3 0 3 R log10(£2 /£,)
Q = ( 1/T2 - 1/T,)
The activation energy MQM is related to the instantaneous
creep rate before (£^) and the instantaneous creep rate
(£J after the temperature change. Since some time (2 min)
was required for the specimen to come to the new equilibrium
temperature, the curves must be extrapolated. As the
activation energy is proportional to log^Q (£.£/ ), it is
very dependent on the method of extrapolation. The most
• •
accurate estimate of l o g ^ ^  / ), and therefore the
activation energy, will result if both curves are extra­
polated to the mid-point of the time interval^). This was 
the method used to obtain the activation energies.
In the case of fatigue-enhanced creep, Figure 195 
changing the temperature from 143°K to 148°K resulted in a 
calculated activation energy of 7,200 cal/mole. The 
calculation is shown below:
£ t = 7.12 1CT4 / min = 143°K
£ 2 = 16.87 10'4 / min T2 = 148°K
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16.87 10-4
Q = -2.303 1.987 I0S10 7 . 1 2  10~4
( 1/148 - 1/143 )
Q = -1.303 1.987 log10 (2.36 9 6) 143 148
5
... Q £=* + 7,200 cal/mole
The activation energies at different temperatures for static 
creep and fatigue-enhanced creep has been shown in Table 3. 
Available date(9) show the activation energy varies with 
temperature. Therefore the activation energy has been
summarized in Figure 23 as a funtion of mean test tempera­
ture, Tmean* -^e mean test temperature is given by:
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Many theories propose that a similar rate-controlling 
mechanism prevails in cyclic creep and static creep. These 
theories propose that mechanical obstacles such as cross 
slip are the principal barrier to dislocation motion.
When cyclic stresses are added to the static stress, such 
a theory explains higher creep rates since the increase in 
creep rate due to higher stresses in the upper portion of 
the cycle more than compensates for the decrease in the 
creep rate due to the lower stresses in the lower portion 
of the cycle. Thus a greater creep rate for cyclic creep 
than that at the mean stress but lower than the creep rate 
at peak fatigue stress could be expected.
However, similar or slightly higher creep rates 
were observed in cyclic creep than in the static creep at 
the peak fatigue stress. Similar behavior was also 
observed by Max Glenn(2 ) at 0.3 to 0.4 Tm and by Eeltner^1) 
at liquid-nitrogen temperatures.
Evidence such as this suggests that the cyclic-creep 
rates cannot be explained by the dislocation cross-slip
52
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model. A creep model based on dislocation and point- 
defects interaction go,ins considerable support.
Activation-Energy Results
Activation energy for static creep and fatigue- 
enhanced creep are shown in Table 3. An average activation 
energy for static creep (99.999$ pure aluminum) was found 
to be 5,400 cal/mole for 127°K to 158°K temperature range 
compared with an average activation energy of 10,000 cal/mole 
observed by Sherby et al. (99.996$ pure aluminum) for the 
same temperature range. These results agree well since it 
has been estimated that there should be a difference of
5,000 cal/mole between the activation energy of 99.996$ and 
99.999$ pure aluminum due to the pinning of vacancies or 
dislocations by impurity atoms^2 .̂
Activation energy measurements in this work may 
indicate possible models for the rate-controlling mechanism. 
As can be seen in Table 3, there is no significant 
difference in the activation energy for static creep and 
fatigue-enhanced creep. Theories relying on thermal 
vibrations assisting stress to overcome the barriers 
cannot explain such results because if that were the case, 
a lower activation energy would be observed in static creep 
at the peak-fatigue stress.
As described previously, fatigue may produce point 
defects. Since dislocation-climb and job dragging are
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point-defects-diffusion-controlled processes, an 
alteration in the process could be expected when cyclic 
stresses are applied. The annihilation of point defects 
is quite sluggish at low temperatures, and therefore there 
exists a high vacancy concentration around dislocations in 
static creep as well as fatigue-enhanced creep at all 
times for low-temperature deformation. Diffusion of these 
point defects along the dislocation core results in similar 
activation energies. However, higher creep rates were 
observed in fatigue-enhanced creep due to more vacancies 
being produced due to cyclic stressing.
Possible Model for Hate-Controlling Mechanism
It has been proposed that the following could be the 
rate-controlling mechanism at lower temperatures:
a) Overcoming the Peierl’s stress
b) Dislocation intersection
c) Pipe diffusion of vacancy along the dislocation 
core
It seems unlikely that overcoming the Peierlfs 
stress could be the rate-controlling mechanism in view 
of the fatigue-enhanced creep results.
Creep-Rate Consideration: Consider a creep model in 
which a dislocation has to overcome a barrier AD as shown 
in Figure 24 to free itself and glide again. Due to static 





occupy the position B. At this point the dislocation is 
always at the same stress level and has a chance to be 
assisted in overcoming the barrier by thermal fluctuations. 
The barrier to be overcome might be thermally activated 
cross slip or the Peierl’s stress. On the other hand, 
the same dislocation would fluctuate between positions B 
and C, if loaded cyclically. In this case, the dislocation 
is for a fraction of a second at the peak stress, where 
it is in an optimum position to benefit from thermal 
assistance in overcoming the barrier. However, similar or 
slightly higher creep rates were observed in a sample 
subjected to fatigue stress than the sample subjected to 
static application of the peak fatigue stress. Similar 
behavior was also observed by Max GlennC2). This suggests 
that overcoming bhe Peierl’s stress could not possibly be 
the rate-controlling process. Out of the remaining two, 
pipe diffusion of vacancies seems to offer a more 
convincing rate-controlling process consistent with the 
results of this investigation.
Activation-Energy Consideration: At temperatures 
T x 0.5 Tm , creep has been considered to be a diffusion- 
controlled process and the activation energy Qcreep 
similar to that of self-diffusion. The activation energy 
for self-diffusion has been found to be 33>500 cal/mole for
(IDaluminum' The activation energy for self-diffusion is
comprised of the activation energy of formation (Qf), and
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the activation energy of migration (Qm)» of a vacancy.
Qsd ~ Qf +
The activation energy has been found to be lower at lower 
temperatures^®) (e.g. 28,000 cal/mole at 550°K to 750°K).
This may be explained by the changes in the activation 
energy of formation Q^, and activation energy of migration-Qm 
(migration through lattice and migration along the 
dislocation core) of vacancies^
Activation Energy of Formation: Strain may produce 
vacancies in addition to those in thermal equilibrium.
The relative number of thermal and mechanical vacancies is 
dependent on temperature and strain rate. There exists, 
in a metal, a thermal-mechanical-vacancy transition 
temperature. Above this temperature the thermal vacancies 
will be more numerous, and below which, the mechanical 
vacancies will predominate over equilibrium thermal 
vacancies. The thermal-mechanical-vacancy transition 
temperature has been calculated to be 320°K for fatigue- 
enhanced creep, and 270°K for static creep(^). Since 
strain produces vacancies, the activation energy of 
formation of vacancies below the thermal-mechanical 
vacancy transition temperature is not significant. There­
fore we have
^creep "* ^m
This may be the reason for the lower activation energy at
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lower temperatures since the rate-controlling process would 
change to vacancy migration.
The literature(9) shows that the activation energy 
decreases to a still lower value at temperatures below the 
thermal-mechanical vacancy transition temperature. This 
suggests a decrease in the activation energy of migration 
itself. The activation energy of migration is comprised 
of the energy of migration through lattice, and energy of 
migration along the dislocation core.
There are three possible ways in which a vacancy 
may diffuse to the existing jog on a dislocation.
a) Vacancy migrating directly to the jog:
In this case a vacancy migrates directly to the jog 
by lattice diffusion. Therefore, we have
Qm(creep) = Qm(lattice)
b) Vacancy migrating to dislocation and then to
the jog:
Here a vacancy will diffuse to dislocation by lattice 
diffusion and will then migrate to the jog by Mcore 
diffusion" or "pipe diffusion." Thus,
Qm(creep) = Qm(lattice)
Both the above processes will result in an
activation energy of migration for the lattice diffusion as 
the rate-controlling step.
c) Migration along the dislocation core:
This will be the case at very low temperature. In
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this case, the annihilation of vacancy is very sluggish due 
to the low temperature; and as a result, the dislocation 
will he filled by vacancies swept up by its motion during 
straining. The controlling process will then be the core 
diffusion along the dislocation core; the activation energy 
of migration along the core will be less than the 
activation energy of migration for the lattice diffusion.
Explanation of Static and Fatigue-Enhanced Creep Data
From the preceding paragraphs it seems very likely 
that the vacancy migration along the core may be the rate- 
controlling process. There may exist a lattice-to-core- 
diffusion transition temperature, above which, migration 
of vacancy along the core will be the rate-controlling 
process. The temperatures in this study were probably 
below the lattice-to-core diffusion transition temperature.
The average activation energy for static creep and 
fatigue-enhanced creep was found to be 5,400 cal/mole and
5,300 cal/mole, respectively. It is seen that there is no 
significant difference in the activation energy values.
This is expected and could be explained as follows:
The annihilation of vacancies is very sluggish at low 
temperatures. This will result In a high vacancy concentra­
tion around the dislocation in static creep as well as 
fatigue-enhanced creep. On the assumption that the working 
temperatures in both the cases were below the lattlce-to- 
core-diffuslon transition temperature, the migration of
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vacancies along the dislocation core will be the only rate- 
controlling process. The activation energy of migration 
will be the same in both the creep processes.
The activation energy of migration along the 
dislocation core has been calculated to be 5 ,5 0 0 cal/mole(2)# 
This agrees well with the above results.
Results of this study and the study made by Max 




The following conclusions can he made from the data 
obtained in this study:
1) The creep rate for fatigue-enhanced creep is 
similar or slightly higher than static creep at the peak- 
fatigue stress.
2) The average activation energy for fatigue-enhanced 
creep and static creep at 1 27°K to 158°K temperature range
is similar. This suggests that same rate-controlling 
mechanism, probably the pipe diffusion of the point defects 
along the dislocation core, prevails in fatigue-enhanced 
creep and static creep at lower temperatures.
3} Much lower creep rates were observed in a static 
creep at 10,000 psi peak stress than fatigue-enhanced creep 
at 10,000 psi mean stress.
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5 volt constant supply
Two resistances R-j and R2, each of 500 ohms capacity, 
are connected in series and the back-voltage, V^ is tapped 
off across R^. The sum of the two resistances was always 
maintained at 500 ohms. A constant power supply unit was 
used to provide 5 volts power supply.
R'l + Rg
As said "before, the CAS is calibrated to give a 1 volt 
output for every 0.1-in. displacement of LVDT core. When 
the recorder is operated at a 0 to 500 mv scale, and the 
recorder pointer is at the full scale, 500 mv is required 
to be applied in the reverse direction to bring the pointer
The current passing through the circuit,-
I V
R, + R2 (1)
Voltage drop across R̂  is,
vB = 1,11,












6 1 5 /1 6 8 9 10
Spring Length in inches 
Figure 25. Load-Elongation Curve.
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back to "0” The following calculations show the resistance
adjustments required to obtain 500 mv back-voltage.
V = Constant volt supply = 5 volt
V-g = Back voltage = 500 mv = 0.5 volt
R-| = Resistance required to obtain 500 mv back-
voltage
R2 = 500 - R1
We have the following equation
  v
R1 + R2
0.5 = R1______  V
500
. . Rj = 5 0  ohm and therefore R2 = 450 ohm
As soon as the recorder pointer reaches the full 
scale, the resistances Rj and R2 are adjusted simultaneously 
to 50 ohm and 450 ohm, respectively.
When the recorder pointer comes to~ full scale again, 
an additional 500 mv will be required to be applied in the 
reverse direction. The resistances required for this are 
calculated exactly in the same manner:
~ R1 V Here VB = 500 + 500 =
r + r 1,000 mv =
1 2 1 volt
1 =  R 1 R
500
♦
. . R} = 100 ohm and therefore R0 = 400 ohm.
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APPENDIX-2;
STRESS-LEVEL CALCULATIONS FOR EATIGUE- 
ENHANCED CREEP “
Desired stress level, 6,000 psi to 10,000 psi
Spring length = 6 15/16-in. Spring constant = 17 lb/in.
Lever
^--Spring 
Cam HupH position Cam "down 
position
The load-elongation curve for the above spring is shown in 
Figure 25*
In ncam-upM position load the sample until the spring 
length is 8 5/8-in. The cam travel is 2-in., and therefore 
the spring length would be 10 5/8-in. when the lever is in 
the "cam-down" position at "0"/ strain.
The spring load would be magnified 5 times, and the 
static load would be magnified 7 times due to the 1:5 and 
1:7 lever ratio.
As the specimen creeps, the cross-sectional area is 
reduced. The cross-sectional area corresponding to each 
percentage strain is calculated on the assumption that the 





Static load = 29.33 lb
Spring load = 26.5 lb for 8 5/8-in. and 59 lb
for 10 5/8-in. spring length.
Lower peak stress = Spring load 1 5 +  static load X 7
Gauge Area
= 26,5 X 5. + 29.33 X 1 
0.05075
= 6,6000 psi
Higher peak stress = 59 X 5 + 29.33 X 7
0. 05073
= 9,850 psi
Similarly at 15$ strain,
Static load = 29.33 lb Spring length = 7 7/8-
in. to
Spring load = 14.5 lb for 7 7/8-in. 9 7/8-
and 47.5 lb for in.
9 7/8-in. spring length.
Therefore,
Lower peak stress = 14.5 X 5 + 29.33 X 7
0.044
= 6,300 psi
Higher peak stress = 47.5 X 5 + 29.33 X 7
0.044
= 10,000 psi
The higher peak stress level was maintained within + 1.5$.
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The fatigue-enhanced creep data obtained from the 
recorder chart is shown in Table 5, and the fatigue- 
enhanced creep curve is shown in Figure 21-A.
Table 4
GAUGE DIAMETER AND GAUGE AREA CORRESPONDING TO
EACH PERCENTAGE STRAIN:
Percentage strain Gauge diameter 
in inch










































0 1.0795 1.0000 762.293 762.293
1 1.0900 1 .0 7 9 5 105.00 97.2672
2 1.0968 1. 0 9 0 0 68.00 62.385 67.5013 829.7943
3 1.1015 1 .0 9 6 8 47.00 42.8519
4 1.1039 1 .1 0 1 5 24.00 21.7884
5 1.1060 1 .1 0 3 9 21.00 19.023 22.6451 852.4394
6 1.1090 1 .1 0 6 0 30.00 27.124
7 1.1110 1.1 0 9 0 20.00 18.034
8 1.1123 1.1110 1 3 .0 0 11.7011 20.9997 873.4391
9 1.1160 1 .1 1 2 3 37.00 33.264
10 1.1180 1 .1 1 6 0 20.00 17.921
11 1.1190 1.1180 10.00 8.944 11.9336 885.3727
12 1.1200 1.1190 10.00 8.936
13 1.1215 1.1200 15.00 13.392
14 1.1220 1.1215 5.00 4.458 11.8916 897.2643
15 1.1240 1.1220 20.00 17.825
16 1.1242 1.1240 2.00 1.779
17 1.1245 1.1242 3.00 2.668 2.9643 900.2286
18 1.1250 1.1245 5.00 4.446













20 1.1275 1 .1 2 6 2 1 3 .0 0 11.5432 8.2899 908.5185
21 1.1278 1.1275 3.00 2.6600
22 1.1280 1.1278 2.00 '•1.773
23 1.1285 1.1280 5.00 4.4320 3.5450 912.0635
24 1.1290 1.1285 5.00 4.430
25 1.1300 1.1290 1 .00 8.850
26 1.1305 1.1300 5.00 4.427 5.9020 917.9655
27 1.1310 1.1305 5.00 4.422
28 1.1318 1.1318 8.00 7.073
29 1.1320 1.1 318 2.00 1 .767 3.5353 921.5008
30 t.1322 1.1320 2.00 1.1766
31 1.1325 1.1322 3.00 2.649
32 1.1330 1.1325 5.00 4.415 '3.8256 925.3264
33 1.1335 1.1330 5.00 4.413
34 1 .1338 1.1335 3.00 2.646
35 1 .1340 1.1338 2.00 1 .763 4.4090 929.7354
36 1.1350 1.1340 2.00 8.818
37 1.1358 1.1350 8.00 7.048
38 1.1360 1.1358 2.00 1.760 4.4030 934.1384
39 1.1365 1.1360 5.00 4.401













41 1.1374 1.1370 4.00 3.518 3.81 10 9 3 7 . 9 4 9 4
42 1.1378 1.1374 4.00 3.516
43 1.1 380 1.1378 2.00 1.757
44 1.1385 O
00• 5.00 4.393 2 . 9 2 6 3 940.8770
45 1.1388 1.1385 3.00 2.635
46 1.1390 1.1388 2.00 1.756
47 1.1392 1 .1 3 9 0 2.00 1.755 2.0480 942.9257
48 1.1395 1 .1 3 9 2 3.00 2 .6 3 3
49 1.1398 1 .3 9 5 3.00 2 . 6 3 2
50 1 .1400 1 .1 3 9 8 2.00 1.754
55 1.1415 1.1400 15.00 15.157 12.2725 957.3912
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